This paper considers the nonlinear and unsteady loads environment of an agile highspeed vehicle with reaction control jets, a large flight envelope, and structural degrees of freedom to account for the flexibility of the slender vehicle. Steady-state and unsteady CFD solutions of the fluid-structure-jet interaction are calculated throughout the flight envelope to build a reduced order model. Two surrogate modeling methods are compared to assess the applicability to the fluid-structure-jet interaction and wide variation in flight conditions: a CFD-based steady-state Kriging approximation and linear convolution with a nonlinear correction. The surrogate models are then compared to FUN3D CFD solutions to verify their accuracy. Overall, this work bridges the gap between system identification at single flow conditions and flight simulations of an unknown trajectory. 
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I. Introduction
Conventional air vehicles have a standard mission that often leads to defining a "cruise" phase and a "trim" condition. However, maneuverable and agile vehicles that maneuver to reach a moving target do not have a pre-defined trajectory and may not have a clearly defined reference flight condition. The agile vehicle maneuvers may be very aggressive and may operate at the extremes of flow conditions. Quality models and methods for calculating the unsteady loads on the vehicle are required for accurate analysis of the vehicle response during flight simulations. However, the model must capture the wide range of flow conditions such as very high angles of attack over the range of flight Mach number and altitude.
High-speed maneuverable vehicles for air-to-air missions are slender with large aerodynamic and inertial loading that may lead to significant structural deformation. In addition, performance can be increased using an alternative control system such as attitude control jets instead of traditional control surfaces. However, these two effects introduce a fluid-structure interaction and a jet interaction to the vehicle analysis. In addition, it is not well known how the structural deformation will affect the jet interaction or vice versa. Therefore, the analysis of a high-performance maneuverable vehicle requires methods that account for the coupled fluid-structure-jet interaction.
Previous experimental studies have been conducted regarding the jet interaction with a supersonic crossflow and the characteristic steady-state flow condition has been well documented. Spaid and Zukoski, 1 Spaid and Cassel, 2 and Zukoski and Spaid 3 experimentally identified the flow structure and developed preliminary models for the interaction. Roger 4 summarized the jet interaction literature of the previous 50 years and identified the common trends, critical parameters, and highlighted the remaining challenges. One of the challenges was that the community has taken a sporadic approach to the problem and there is a lack of a common methodology that could be used for multiple vehicles, flight conditions, and jet conditions.
Various empirical and theoretical modeling efforts have been made to correlate the flow and jet conditions to the flow velocity or surface quantities. [5] [6] [7] [8] However, these are primarily focused on the flat plate results and typically the longitudinal jet plane, which neglects the three-dimensional effects. Broadwell 9 related the jet interaction problem to the blast wave equations to approximate the shock boundary and pressure profile in the lateral directions, but this was also focused on a flat plate and is not expected to hold for a complex geometry. Computational modeling using the Reynolds-averaged Navier-Stokes equations has been done and demonstrates the ability to analyze the jet interaction problem for various configurations, flow and jet conditions. [10] [11] [12] [13] [14] [15] [16] [17] [18] In addition, Sahu et al. 12 has coupled the rigid-body equations of motion for a projectile to the fluid dynamics equations for a coupled flight simulation of a rigid vehicle with jet interaction. Computational modeling has introduced some additional challenges such as turbulence modeling 16 and highlighted important phenomena such as the jet transient forces. 17, 19, 20 Considering a maneuverable vehicle in a dynamic flight environment, it is critical to understand the dynamics of the jet interaction with varying flow and jet conditions. Further detailed analysis using the large eddy simulation (LES) approach has been done as well 21, 22 to better understand the vortex shedding, flow mixing, and turbulent boundary layer interaction with the jet. Computational analysis continues to further the understanding of the jet interaction problem, but the computational cost increases and robustness decreases as the models and methods become refined or higher-order.
Reduced order modeling of the jet interaction and of the overall aerodynamic loading can maintain a level of accuracy and greatly reduce the computational cost. VanderWyst et al. 23, 24 developed a CFD-based surrogate of the loading for a high-speed vehicle with jet interaction that demonstrate multiple approaches to the high-dimensional problem. Moreover, there is a significant amount of previous work regarding unsteady loads modeling that can be applied to the current fluid-structure-jet interaction problem of a slender high-speed vehicle. One approach is to use linear convolution with the vehicle step or impulse response to approximate the loads with an arbitrary input during flight simulations. 25, 26 The linear convolution technique breaks down as the arbitrary input becomes significantly larger than the training step input, which is why Skujins and Cesnik 26 implemented a nonlinear correction factor based on nonlinear steady-state analysis a priori. The nonlinear correction factor proved to be quite accurate over multiple Mach regimes and may be a successful approach to modeling the nonlinear jet interaction over a wide range of flow and jet conditions. Another approach is to use an autoregressive moving-average (ARMA) model that is fit to a characteristic vehicle response then used to approximate the vehicle loading with an arbitrary input. 27 The number of retained coefficients in the ARMA model determine the relative gains in memory storage and loss of information relative to the convolution approach. An unsteady loads model of the coupled fluid-structure-jet interaction problem should be developed that captures the nonlinear effects such as control reversal and the jet transient loads in a dynamic flight environment.
The fluid-structure-jet interaction, which is the addition of structural degrees of freedom to the jet interaction problem, is not well understood. The bulk of jet interaction research is not concerned with the deformation of the surface on which the jet is mounted. However, this problem is critical not only for a freeflight vehicle, but a flexible vehicle as well. The change in rigid-body velocities and structural deformation will change the flow conditions and, therefore, the forces and moments applied by the jet interaction with the flow.
Agile vehicles have a large flight envelope that complicates the modeling strategy. Vehicles performing aggressive maneuvers do not have a predefined trajectory, which prevents any significant down-selection of control input and vehicle state variable combinations during model development. In addition, the vehicle is likely to experience a highly dynamic flight environment with large angles of inclination to the flow, large angular rates, flow disturbances from the control system and vehicle deformation. These factors will result in complex phenomena such as flow separation and shock-boundary layer interaction that are common and critical to accurate loads calculation for agile high-speed vehicles This work investigates methods to modeling the unsteady loads due to fluid-structure-jet interaction of a agile high-speed vehicle. There is an emphasis on the extreme flow conditions and the wide range of the flight envelope of the nonlinear system. A representative slender vehicle is used as the test case throughout and the NASA FUN3D CFD code 28 is used to calculate the surface load distribution. The unsteady prediction methods are well known for analysis at a single flight condition. However, the vehicle is expected to operate in a very large flight envelope and has many degrees of freedom. In addition, the nonlinearity of the aerodynamics and jet interaction further complicates the problem. Therefore, a method of adapting these modeling approaches to the wide range of flight conditions is developed. The final model is included in a coupled aeroelastic and flight mechanics framework to analyze the vehicle performing aggressive maneuvers in free flight.
II. Numerical Methods
This section describes the approach to developing a reduced model of the unsteady surface loads due to fluid-structure-jet interaction (FSJI) of a high-speed vehicle. Emphasis is placed on the ability to model and approximate FSJI over a range of altitudes and Mach numbers.
First, the steady-state solution is calculated over the whole range of flight conditions, flow angles, structural deformation, and jet conditions. This provides a set of solutions that can be compressed to find the basis vector that describe the surface pressure. The coefficients to these basis vectors can then be correlated with the flight conditions, vehicle velocities, deformation, and jet conditions using a kriging-based approximation technique.
Next, the step response to a change in vehicle orientation, deformation, and jet conditions is calculated for a range of flow conditions. The step change is chosen to be large enough to excite as much of the system as possible. The step responses of the vehicle are then used to approximate the unsteady loads with an arbitrary input history. The first uses a steady-stead CFD surrogate model to predict the applied forces. The second method uses the step response and linear convolution with the input history to approximate the surface loads. These approaches use the same CFD solutions as training data and have been previously used to predict the unsteady aerodynamic loads of flight vehicles.
25, 26
A. Steady-state Fluid-Structure-Jet Modeling
The vehicle surface pressure is described in terms of orthogonal vectors and the predicted coefficients of each vector are then used to reconstruct the surface pressure due to jet interaction. The kriging inputs are the F , S, and J parameters corresponding to the atmospheric, flow, structure, and jet conditions. The outputs are the m coefficients of the orthogonal vectors in the surface mesh N -dimensional space, where N is number of cells in the surface mesh and m is the number of orthogonal vectors. The singular value decomposition (SVD) is used to calculate the orthogonal vectors. First, a matrix A is created with each column vector representing a particular CFD solution,
The SVD of this matrix yields the orthogonal basis U , singular values Σ and orthogonal basis V where AV = U Σ. The singular values represent the energy associated with each vector and all vectors are retained in this work. This process is related to the proper orthogonal decomposition of the matrix A where the matrix of basis vectors is equal to the retained vectors of U Σ and the coefficients are equal to the retained rows of V . Each row of V represents the coefficients at each angle of attack and pressure ratio condition. Therefore, if the coefficients of V can be predicted at alternate input conditions asṼ , an approximation of the surface pressure isÃ = U ΣṼ T .
?
B. Linear Convolution and Nonlinear Correction Factor
The linear convolution method uses the step response with the arbitrary input history and convolves the two functions of time to approximate the solution. For a linear system, this would be the exact solution. This method is based on previous work by Raveh and Mavris 25 that showed how a step response as opposed to an impulse response could be used to calculate unsteady loads. For example, during the vehicle simulation the angle of attack history u is used with the step response H with the discrete version of Duhamel's integral to calculate the aerodynamic load at the current time step y[n] as
The first term u[0]H[n] represents the steady aerodynamic load at index 0 while the second term is the unsteady component due to an arbitrary input from index 1 to n. Therefore, the steady term can come from a more accurate source such as a steady-state CFD solution and the unsteady contribution of the most recent time steps can be calculated using convolution. The result is a linear approximation of the CFD solution for the arbitrary input. For a linear system and for small inputs this approach works well, but it does not hold as the input becomes large for a nonlinear system. Therefore, this work implements a nonlinear correction factor that is applied to the linear approximation and is based on the steady-state model that has been developed. Skujins and Cesnik 26 used this approach and it is based on the assumption that the ratio of the unsteady nonlinear solution to the unsteady linear solution is equal to the ratio of the nonlinear steady-state solution and the linear steady-state solution, i.e, 
The term y s linear is calculated using the property of superposition for linear systems and is the sum of each response for the given combination of inputs. The steady CFD solutions are represented by the y s nonlinear term. At each time step within a flight simulation the term y u linear is calculated using linear convolution of all the inputs and summed. y u nonlinear is the final approximation of the nonlinear unsteady output. A step response for each input is recorded at each sample flight condition and then decomposed into the dominant responses using the singular value decomposition. Therefore, at a new flight condition the amplitude of these modes are approximated to recreate the step responses an use linear convolution to find the linear response. Finally, the nonlinear correction factor is applied to calculate the total response.
III. Numerical Approach
This section begins with defining a vehicle model in terms of geometry, structural properties, and control jet properties. Next, the steady-state load distribution over the vehicle surface is calculated for various combinations of fluid, structure, and jet conditions. The steady-state surrogate model can be used for steady and quasi-steady analysis, but is not sufficient for capturing unsteady effects. The dynamic response of the vehicle to changes in the fluid, structure, and jet parameters is calculated to create a linearized unsteady model of the problem. This process is repeated for multiple flight conditions within the flight envelope and interpolated to approximate the linearized model at unsampled flight conditions. To account for nonlinear effects the steady-state surrogate is used as a correction to the linearized approximation during flight simulation.
A. Vehicle Model
The vehicle used for this study was developed in Kitson and Cesnik 29 for flight simulation studies of a flexible high-speed vehicle. The basic dimensions and flight conditions for the vehicle are shown in Table 1 and are inspired by existing vehicles, such as the Sidewinder and AMRAAM. The outer mold line of the model, shown in Figure 1 , was chosen to move the center of pressure aft of the center of gravity based on the lack of fin surfaces that are conventionally located at the tail end of the vehicle. Markers for the center of pressure (C.P.) and center of gravity (C.G.) have been added to the figure based on the parameters of the vehicle. Conventional fin surfaces are not included in this model due to their loss of effectiveness at high angles of attack. Instead, reaction control jets are located at 25% of the vehicle length normal to the body surface to control the vehicle orientation. The baseline configuration in the study has a uniform mass and stiffness distribution, therefore the low-frequency free-free vibration mode shapes are similar to a uniform free-free beam shown in Figure 2 . 
B. Steady-State FSJI Modeling
A steady-state model is developed in this work to account for nonlinear effects since the unsteady modeling approach is based on a linearized approach. The steady-state model approximates the load distribution to calculate rigid-body and structural forces on the vehicle at a combination of fluid, structure, and jet conditions within the flight envelope. This section details the steady-state modeling development from initial sampling to cross-validation. The surrogate model is based on several samples of the CFD steady-state solution of the vehicle. LatinHypercube Sampling was used to calculate the sample coordinates within the 9 dimensions for the model input. This approach was selected to develop a pseudo-random sampling of the input domain as opposed to a uniform grid sampling. In addition, the parameters were processed to produce a sample set that creates clusters near the mean condition expected for the vehicle. Table 2 lists the 9 pre-processed inputs and the final inputs for the model. Figure 3 shows the distribution of the final inputs that features the clusters near the origin of the flow, structure, and jet parameters. The flow and structure input parameters were clustered using a polar coordinate system based on the total value (e.g. total deformation) and an angle to relate two of the dimensions in the final surrogate model. The jet parameters were related using an artificial spherical coordinate system. The jet throttle is the coordinate from 0-1 that corresponds to the minimum and maximum jet total pressure. A negative jet throttle value corresponds to the jet located on the opposite jet in the body z-coordinate direction. The three reference jets attitude, divert 1, divert 2 are the jets on the positive-z vehicle surface that correspond to positive y-rotation, negative x-rotation, positive x-rotation using the body-fixed coordinate system with x-axis out the nose, y-axis right, z-axis forming a right-handed system. 
C. Unsteady FSJI Modeling
The unsteady component of the vehicle loads is required to accurately represent the dynamic flow, structure and jet conditions. These unsteady effects vary depending on the flight conditions, i.e. changes in altitude and Mach number, which must be accounted for in the surrogate model development. The linear convolution of step or impulse responses has been used in the past 25, 26 to approximate the response at un-sampled flight conditions. This work examines the applicability of the convolution approach used by Skukins and Cesnik
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to the unsteady FSJI problem over its flight envelope.
In this study the inputs are parameters from the fluid, structure, and jet domains listed in Table 3 . For each input, a step change equivalent to 1% of the max amplitude of the input parameter is applied and the Figure 3 . Ranges of the steady-state CFD samples across 9 model input dimensions of the flow, structure, and jet parameters across the flight envelope change in outputs is recorded. The output of the system is the vehicle loading in terms of the three bodyframe translation forces, three moments in the body frame and the generalized aerodynamic forces (GAFs) for each structural mode. During the simulation the unsteady loads y are approximated using a linearized model. Therefore, the nonlinear loads y u nonlinear calculated by using the nonlinear correction factor approach described in Section II. 
where m is the number of inputs. In the convolution approach the step responses are known at the sampled flight conditions, but must be approximated as the vehicle maneuvers and the conditions change. Therefore, a kriging model for how the step responses are varying is created that uses the flight conditions (altitude, Mach) to approximate the step responsesĤ j i .
IV. Results
This section presents the verification of each of the modeling methods. The quality of the steady-state surrogate model and each of the linear unsteady models is assessed using a cross-validation approach. The combined unsteady nonlinear approximation is compared against a CFD simulation with varying flight conditions.
The leave-one-out approach is used as the cross-validation technique, which recursively removes one of the training samples to create a new surrogate model. The new model is then evaluated at the removed training point and the known removed solution is used as the reference to measure the level of error. This approach is especially useful for models with limited or sparse training data.
The first CFD verification maneuver is a forced motion simulation of the vehicle over a range of flight conditions. The vehicle orientation is prescribed at each time-step to simultaneously vary the angle of attack with a time-varying frequency. No structural deformation is prescribed during the simulation due to limitations on the code.
A second CFD verification maneuver that includes structural deformation along with the jet interaction component is presented. The structural deformation is prescribed as a sinusoidal signal with constant frequency and increasing amplitude at a un-sampled flight condition. This simulation tests the capability of the nonlinear correction factor approach in addition to the quality of the steady and unsteady surrogate models.
A. Steady-State Model Verification
The steady-state model is used to approximate the applied loads to the high-speed vehicle due to changes in the flight conditions in addition to the flow, structure, and jet parameters. Specifically, this model calculates the approximate surface pressure applied to the vehicle surface, which can then be integrated to calculate the six rigid-body forces and moments and the generalized loads for each structural deformation mode. The leave-one-out method is used to measure the quality of the surrogate steady-state model using the median absolute error (MAE) in the pressure normalized by the freestream dynamic pressure as well as the MAE of the integrated forces. The relative errors in the integrated forces, moments, and generalized forces are recorded for each leave-one-out evaluation. The statistics of these errors are described in terms of the 95% confidence interval of the median for each error metric and listed in Table 4 . A sample from the crossvalidation of the surface pressure surrogate model is presented in Figure 4 with the conditions listed in Table  5 . 32.0 % Maximum
B. Linear Unsteady Model Verification
The unsteady model is based on the step response of the vehicle to changes in each input. However, these step responses are identified at select flight conditions, which then need to be interpolated to approximate the step response at un-sampled flight conditions during flight simulation. The output is the full step response at each time step and can be used directly with the time-history of the vehicle conditions to approximate the total unsteady loads using superposition. The collection of step responses collected from step changes in the angle of attack, tip displacement, and jet total pressure are presented along the left column in Figure 5 . The L 2 − norm relative error obtained for each flight condition is calculated against the known solution for each modeling approach and the 95% confidence interval on the median error is presented in Table 6 . Samples from the cross-validation are presented along the right column of Figure 5 that compare the predicted step response to the training set. Step Responses to changes in AoA, η 1 , and δ 1 along with samples from the cross-validation of the training set
C. Unsteady Nonlinear Model Verification
The unsteady nonlinear FSJI is approximated using a combination of one of the linear unsteady models and the nonlinear steady-state model. The quality of each surrogate model is been presented, but the function of interest is the solution from time-accurate CFD simulation of varying flow, structure, and jet conditions.
Three verification maneuvers were chosen to evaluate the nonlinear correction factor approach in addition to ability to capture unsteady FSJI effects. Similar to the steady-state model verification results, the relative errors in the integrated forces and moments are presented in Figure 6 . The first verification maneuver is the prescribed motion of an undeformed vehicle with varying flight conditions. The Reynolds number, deformation, and jet conditions relative to the farfield conditions are kept constant and listed in Table 7 . The rotation is then prescribed at each time step to follow a sinusoidal maneuver with a moderate amplitude and increasing Mach number as a function of time. The second verification maneuver is the prescribed structural deformation of the vehicle as a function of time at constant flow and jet conditions listed in Table 7 . The third maneuver is the response of a flexible vehicle to a step change in the jet total pressure of 1% of the maximum available total pressure and flight conditions listed in Table 8 . The vehicle response is then approximated using each of the modeling methods and presented alongside the CFD time-accurate solution for each maneuver. For each simulation the flight conditions are used to approximate the step response of the system to changes in the fluid, structure, and jet conditions. These responses are then convolved with the input time history of each simulation to calculate the linearized model response. In the case of the final simulation with a jet step and flexible vehicle response these linearized outputs are summed together to reach the total linearized model response. Then, the nonlinear correction factor is calculated for all time steps by evaluating the steady-state surrogate model (Steady in Figure 6 ) and linearized model steady-state values. This correction factor is applied to the linearized model output and is referred to as the Unsteady Model in Figure 6 .
The results in Figure 6 show that the steady and unsteady models do an adequate job of approximating the FSJI solution to rigid-body and structural deformation inputs. In addition, the unsteady model augments the steady-state solution further in the structural deformation case to better match the amplitude increase that is observed in the CFD solution. At worst, the the unsteady model matches the steady-state prediction and does not degrade the solution. The transient jet interaction solution of the third simulation is misidentified by the surrogate which leads to an incorrect transient solution and eventual phase difference in the signal. This is most likely due to the insufficient sampling of the jet step response and larger relative errors. Despite this error the strategy overall captures the frequency and amplitude growth of the vibrating vehicle in the presence of jet interaction. The unstable response that is observed is not indicative of the true vehicle response because the thrust of the jet itself is not accounted for due to the replacement of the nozzle exit with the inflow boundary condition. Therefore, the jet interaction with the flow is the driver that leads to an instability that amplifies the generalized force on the structure similar to the results in the jet sensitivity study.
The differences between the unsteady and steady model come from the unsteady component being excited and having an additional contribution, which is seen in the structural deformation case (Figure 6(c)-(d) ). The differences between the unsteady model and the CFD solution are additional effects that are not fully captured using the linear convolution approach. This effects may include the nonlinearity of the jet interaction at higher jet total pressure, the sensitivity of the jet interaction effects to unsteadiness in the flow, and nonlinearity introduced by the combination of unsteadiness and stronger interactions between the jet and fluid. These effects may be addressed using a nonlinear representation of the system using a Volterra series and other approaches. 
V. Concluding Remarks
This paper considers the unsteady fluid-structure-jet interaction that occurs for highly maneuverable, agile, high-speed vehicles. The coupled FSJI has a significant effect on the applied loads to the vehicle that must be modeled accurately to calculate the vehicle response. Flight simulation of the vehicle is desired to experiment with varying vehicle designs and aid the design and development process. The unsteady FSJI model must fit within a flight simulation framework, which requires an accurate, robust, and fast approach. A couple of methods that have been used for other unsteady aerospace applications are adapted for the unsteady FSJI problem.
One major challenge to modeling the unsteady loads applied to the maneuverable high-speed vehicle is the wide range of a high dimensional input problem. Developing a model for a limited number of flight conditions is sufficient for conventional air vehicles, but the whole flight envelope must be represented for a maneuverable vehicle with an undetermined trajectory. This adds more dimensions to the problem that is dependent on the fluid, structure, and jet states. The fluid, structure, and jet input parameters have nonlinear effects on the applied loads which adds an additional layer of complexity to the model. To address this wide range of input parameters over the entire flight envelope, the steady-state response is sparsely sampled before doing any unsteady sampling.
The two methods used in this work are the steady-state nonlinear surrogate model and the linear convolution of step responses with nonlinear correction. This approach perturbs each of the flow, structure, and jet conditions at a specified point within the flight envelope of altitude and Mach number to construct a linearized model. The linearized model accross several points in the flight envelope is then interpolated to create an approximate linearized model at unsampled flight conditions.
The modeling approach within the flight simulation framework takes the flight conditions to approximate the linearized unsteady model. Then the time history of the vehicle in terms of attitude, deformation, control inputs is used with the linearized unsteady model to calculate the linearized prediction of the unsteady vehicle loads. The current vehicle state is then used with the steady-state approximation model to calculate the appropriate nonlinear correction factor. In total this approach calls one unsteady model and one steadystate model to approximate the nonlinear unsteady loads of the high-speed vehicle performing aggressive maneuvers at unsampled conditions throughout the flight envelope.
The modeling approach involves two layers of surrogate models to create a comprehensive surrogate model of the nonlinear unsteady applied loads. Verification of each modeling layer and the composite model is required to measure the level of accuracy relative to the true solution. In each case the high-dimensionality of the problem imposes a significant cost for additional sampling for verification. Therefore, a cross-validation technique is used to measure the accuracy of each of the modeling sub-layers: the nonlinear steady-state model and linearized unsteady model. The full nonlinear unsteady model is compared to a select set of dynamic maneuvers meant to excite the unsteady FSJI effects on the vehicle applied loading.
The jet interaction effect appears to be sensitive to unsteadiness in the flow such that the steady-state model does not capture low-frequency inputs that well. The unsteady model based on the step responses of the vehicle contributes some additional information that is not represented in the steady model such as the transient jet interaction in response to turning the jet on and the amplification of the applied forces due to dynamic structural deformation. However, the limited number of samples for the jet step response led to an misrepresentation of the transient jet interaction. In addition, the unsteady model is still significantly off from the CFD solution. The gap between the current unsteady modeling approach and the CFD solution may be addressed using a nonlinear representation as the unsteady model is unable to capture even moderate flow unsteadiness for strong jet interactions.
Overall, this work adds to the discussion of unsteady loads prediction of highly nonlinear, high-dimensional, strongly coupled problems using a maneuverable high-speed vehicle as an example. A couple of modeling approaches from the literature are investigated to study the feasibility of using these approaches for this application. The modeling methods and approach developed is general and can be adapted for future use with multi-disciplinary problems. The nonlinear unsteady surrogate model of the FSJI for high-speed vehicles in particular enables flight simulation and aids the future design and development of high-performance vehicles.
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